Fungi form a ubiquitous group of largely inconspicuous organisms that play key ecological roles in terrestrial nutrient cycling. The typically subterranean or otherwise unnoticeable nature of fungal life has left mycology with a partial understanding of fungal biology, and progress is hampered by factors such as the difficulty to delimit species and individuals of fungi and the sparsity of discriminatory morphological and physiological characters for reliable species identification. These and other complications have paved the way for DNA sequence data as an important source of information in mycology, and there are now twenty years' worth of fungal sequence data available for scientific purposes. However, issues of data reliability and generality impede the use of publicly available fungal DNA sequences. The UNITE database for molecular identification of fungi (http://unite.ut.ee) was built as a response to the difficulties facing anyone seeking to identify environmental samples of fungi to species level using molecular data and the major international sequence databases. The present study describes the UNITE database and examines the role of UNITE in the light of emerging sequencing technologies, notably massively parallel ("454") pyrosequencing. Environmental sampling of fungi is discussed from a taxonomic perspective.
INTRODUCTION
The access to DNA sequence data has reshaped much of the life sciences, and there are few, if any, branches of biology that have not benefited from molecular data. This holds true also for the study of the diversification of life itself -evolutionary and systematic biology. Indeed, sequence data have proved a detailed source of information highly relevant to endeavours such as taxonomic classification, evolutionary studies of the origin of organism groups and their geographical distribution, and the detection and identification of species in various habitats and substrates [1] [2] [3] [4] . The latter field -molecular identificationhas seen particular progress in relation to sequence data in that specimens and substrates previously unamenable to precise biological examination -such as non-fertile plant parts, soil, and wood -have become available for detailed scientific scrutiny. There are countless examples of the value of molecular identification in linking specimens and ecological properties to species names in systematics and taxonomy, ecology, and conservation biology [5] [6] [7] . Agriculture, forest management, and the food industry are other areas of application; here the identification of pathogens, pests, and contaminations are often in focus [8] [9] [10] .
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The heterogeneous uses and applications of molecular identification are reflected in the different kinds of results each respective study is designed to generate. While simple lists of species names form the end product in many cases, other efforts will have very specific requirements on the auxiliary data associated with each species name, such as detailed information on the collection site, soil type, and any host species. Other studies are concerned with the relative composition of biological communities and so may not bother with species names in the first place. These parties will to various extents see the need for, or benefits of, depositing their data in public sequence databases and will do so with varying levels of commitment. As a result these repositories accumulate very nonuniform entries at different stages along the trajectory to rich and reliable annotations. For certain genes and groups of organisms the integrity of the data is severely compromised, often without immediate means through which to tell satisfactory data from the unsatisfactory [11] [12] [13] . These inconsistencies are regularly subsumed into the data and results of other studies and thus percolate through the research community, eventually reaching those who may not be in a position to examine them critically [14] .
When it comes to molecular identification, fungi form an example of a group of organisms where technology has outpaced taxonomy. The inconspicuous nature of fungal life coupled with the lack of reliable morphological characters for identification and discrimination among species have precluded a detailed understanding of the fungal kingdom, and DNA sequence data have therefore been formative for our current view of fungi [15, 16] . The internal transcribed spacer (ITS) region of the nuclear ribosomal repeat unit has become the primary genetic marker for molecular identification and other species-level pursuits in many groups of fungi [17] . Yet less than 1% of the hypothesized number of extant fungal species -1.5 million -have been sequenced for the ITS region [18, 19] . As a consequence, most large-scale sequencing efforts of fungi recover a significant number of species that cannot be identified to species or even genus level [20] . The ease with which the ITS region can be sequenced -and the scale at which such efforts can be launched today -have left nearly half of the 165,000 fungal ITS sequences in the International Nucleotide Sequence Databases (INSD: GenBank/EMBL/ DDBJ [21] ) without a full species name and as much as another 10% with incorrect names [22] . Anyone seeking to identify newly generated fungal ITS sequences to species level using the international sequence databases therefore regularly needs to address non-trivial issues such as contradictory or competing species names, the presence of large numbers of relevant but unidentified sequences, and the lack of similar sequences altogether. In addition, the use of emerging sequencing technologies, where the sequence read length and quality may not always match those of traditional Sanger sequencing, adds a layer of technical complexity to such searches [23, 24] .
THE UNITE DATABASE -TECHNOLOGY AND APPLICATIONS
Conceived by a North European team of researchers with a common interest in mycology, the UNITE database for molecular identification of fungi (http://unite.ut.ee) [25] [26] grew from the incipient need for prompt yet satisfactory analysis of newly generated fungal DNA sequences in the light of properly identified, and richly annotated, reference sequences. The making of UNITE was characterized by the need to develop new -and modify existing -software solutions to fill the gap between what software infrastructure was able to provide at the time and the demands imposed by structured large-scale sequencing efforts of fungi. Several commercial and freely available database systems -with and without a biological connotation -were evaluated for use as platform for the database. All were rejected, however, for lacking the flexibility and extendibility deemed necessary for the task. Instead the open source MySQL database (http://www.mysql.com) was chosen to form the mainstay of UNITE, and the interfaces and search features around it were built ab initio. UNITE was initially accessed through a relatively simple web interface and Perl / PHP scripts, but as the complexity of the data and relationships that needed to be represented increased, the decision was made to orient the development towards a unifying, workbench-type environment for management of environmental samples of fungi. The number of tables was increased to about 160, and much effort was expended on streamlining the retrieval and deposition of large quantities of sequences and their metadata. Similarly mechanisms to compare and correlate data of different origins were developed [26] . UNITE currently holds 2,968 reference sequences from 1,120 fungal species in 155 genera, primarily of ectomycorrhizal fungi from North Europe (Fig. 1) ; the taxonomic and geographic scopes have however recently been widened to include all true fungi on a global basis. To maintain the taxonomic integrity of UNITE, the submission of reference sequences is a restricted process. To qualify as a reference sequence, an entry must stem from a thoroughly annotated voucher specimen residing in a public herbarium (or culture collection) and must be submitted by a person with a documented experience of the fungal group in question. All new reference sequences are subjected to peer review prior to inclusion. In addition to the reference sequences, UNITE hosts public sequences that, although being of sufficient length and quality, do not meet the full requirements to serve as reference sequences; these are provided as environmental samples or otherwise insufficiently identified sequences. These entries, too, have an important role to play in that they may be used to link species to, e.g., nutritional modes, substrates, or geographical regions [27, 28] .
The primary genetic marker targeted by UNITE is the ITS region, which together with the D1/D2 region of the neighbouring nuclear large subunit (nLSU/28S) gene forms a prime candidate for the role as the standardized region for molecular identification of fungi [6, 29] . The ITS region does not work equally well for all groups of fungi, however [30, 31] , and UNITE welcomes sequences from other genes and markers relevant to molecular identification provided that the sequences are annotated with primer and amplification details. At present most of the search and analysis features of UNITE are however tailored towards the ITS region. Newly generated ITS sequences can be queried for taxonomic affiliation in several ways at the UNITE entry page (http://unite.ut.ee). In addition to the sequence similarity search suite BLAST [32] for single sequences or in batch mode for larger datasets, UNITE offers additional search functions drawing from phylogenetic analysis and hidden Markov models [33, 34] . The user can choose to include the fungal ITS sequences in INSD in these searches; UNITE reference sequences are highlighted in the output to mark their distinctness from non-reference sequences. The database can be queried for species names to show sequences, morphological descriptions, illustrations, and collection data for that species (Fig. 1) . This information often proves helpful in the sequence identification step, and UNITE encourages deposition of supplementary data and files such as relevant photos and illustrations along with sequences.
UNITE also offers a workbench for sequence management, PlutoF, which ultimately is intended as a comprehensive solution to environmental sequencing efforts targeting fungi. A system login is required to access the more advanced features of PlutoF. Upon logging in the user can upload and manage projects and sequence sets and prepare various batch analyses, such as comparing sequences from different plots of some given study for differences in taxonomic composition ( Supplementary Material 1) . A module to handle herbarium specimens and cultures is available, and there is support for projecting the distribution of species and specimens onto maps of regional or global scope. Several tools to assist in quality control of sequence data have been devised, including a chimera checker for the ITS region, a utility to reorient sequences that are inadvertently given in the reverse complementary orientation, and a tool to extract the highly variable ITS1 and ITS2 subregions from the neighbouring and very conserved genes of the ITS region [35] [36] [37] . Incremental annotation of INSD entries is supported, giving the user the opportunity to tag unidentified or incorrectly identified, chimeric, or otherwise problematic INSD sequences with relevant information or taxonomic annotations. A software pipeline for analysis of massively parallel ("454") pyrosequencing [38] ITS datasets was likewise developed and recently introduced in PlutoF [39] . Environmental sequencing draws from many branches of the biological sciences, however, and the workbench is actively developed to encompass all facets of the field. UNITE co-operates with the Fungal Environmental Sampling and Informatics Network [40] to co-ordinate a joint resource infrastructure and to avoid duplicate development. Initiatives such as the specimen image database MorphBank [41] and the authoritative nomenclatural resource MycoBank [42] are also likely to be of importance to UNITE.
TECHNOLOGICAL ADVANCES AND THEIR TAXO-NOMIC RAMIFICATIONS
At the onset of the UNITE initiative, the process of obtaining DNA sequences was a relatively slow and at best semi-automated undertaking. The last few years have however witnessed enormous leaps in the fields of DNA amplification and sequencing. Emerging sequencing technologies such as massively parallel pyrosequencing have the capacity to generate hundreds of thousands of sequences -though of limited length -in the course of a day [43] . Needless to say, the possibilities offered by these technologies in terms of characterization of organisms at the community level seem endless. And yet it is not difficult to identify potential problems that may surface as a result of their use. With that amount of output, automated processing and interpretation of the results are likely to prove the only feasible way forward. Several studies have however pointed at the substantial difficulties inherent to assigning a broad selection of fungal sequences to species level in a uniform yet satisfactory way [44] [45] [46] . To rely on static threshold values of sequence similarity to demarcate distinct species is a practice that hardly can be recommended other than for the reason that equally rapid alternative approaches are largely lacking. The phylogenetic identification tools of UNITE do perhaps represent a step in the direction of a more analytical approach to the taxonomic assignment of fungal ITS sequences, but they currently process only one or a handful of sequences at the time and require at least cursory manual interpretation. To streamline these tools to handle multiple query sequences and to interpret the results generically will be given high priority in the UNITE development process. That these needs are not unique to UNITE is demonstrated by an increasing array of software development efforts targeting similar problems [47] [48] [49] . Even so, due to their speed, sequence clustering and similarity searches are likely to remain popular tools in community-level sequencing efforts. It therefore seems inevitable that such efforts, for the time being, be associated with species names that in part are approximate. A good practice may be to refrain from providing full species names other than in very clear-cut cases. As much as one would like to see all sequences in one's dataset and downstream publications resolved to species level, a partial but correct name -such as the generic name only -is much preferable to a full but incorrect species name.
Given that species delimitation is handled in a satisfactory way, environmental sequencing efforts are in an unprecedented position to fuel and advance taxonomic research by indicating the presence of new, undescribed species and by providing depth and dimension to intraspecific and geographic sampling. Similarly the emerging technologies should prove powerful tools in the Fig. (1) . A) Fruiting body of the ectomycorrhizal (plant symbiotic) fungus Thelephora palmata. B) The ectomycorrhizal root-tip mycelia of a closely related species, seen here ensheathing the root tips of Scots pine (Pinus sylvestris). The morphology of ectomycorrhizal root tips rarely offers sufficient detail to allow identification of the fungus to species level, and there is similarly little hope of tracing the mycelium back to any associated, nearby fruiting body, which may or may not exist. Sequence data thus often represent one's only chance of a satisfactory species-level identification of the fungal component of mycorrhiza. UNITE was initially conceived for molecular identification of ectomycorrhizal root tips, but its taxonomic scope has recently been extended to include all true fungi on a global basis. pursuit of new or complementary genes for species delimitation and systematics. One can however also think of ways in which taxonomy could be adversely affected by the new developments. Taxonomy is a depauperate and undermanned discipline that may find it difficult to compete for funding with large international sequencing efforts employing bleeding-edge technology. Environmental sequencing projects also have the capacity to flood mycology with unidentified sequences lacking the auxiliary data needed to be of use in any other project than the very study in which they were generated. The comparability of biodiversity results obtained under different spatiotemporal conditions is at a clear risk of being compromised if species for which no Latin names are available would be referred to by different ad hoc names -such as "Cortinarius clade 3" contra "Cortinarius cf. rubellus" for the same taxon -in every study in which they were recovered [cf. 50]. To establish correspondence among the underlying taxa for such names across different published scientific studies would require significant effort -if it could be done at all -and is likely to prove enough of an obstacle that any interesting properties reported in any one of those studies will go unnoticed by others. In a way not altogether different from how species are conceptualized under phylogenetic nomenclature [51] [52] , UNITE is looking to support the provision of temporary operational names of the accession number type for such unidentified -and unidentifiableclusters of hypothetically conspecific sequences until the data is there to warrant formal description of the species. Such operational names would serve as handles to which properties of the underlying hypothetical species could be attached and through which direct and precise communication of results could be achieved.
COMMUNITY-LEVEL SEQUENCE DATA: CONCLU-DING REMARKS
It is often said that technology (or the cost of employing the desired technology) forms the bottleneck for what mycological research questions that can be pursued. Now, at least in some respects, the reverse is true: now we can sequence an entire community of fungi at a cost lower than that of sequencing 1,000 specimens ten years ago. We have yet to grasp the full implications of the emerging sequencing technologies for mycology, however. The few pyrosequencing efforts of fungi published to date all testify to the great diversity of fungi -a diversity that is not easily fitted into the known species, genera, and orders of fungi [e.g., [53] [54] [55] . Indeed, the highly controversial question of whether the International Code of Botanical Nomenclature [56] should be modified to allow species descriptions based on sequence data alone is likely to resurface in the wake of environmental sequencing efforts. It may however not be to the purpose to allow such descriptions at this stage since we still have ITS data from less than 1% of the estimated number of fungal species. At present we are not in a position to tell species that do not form fruiting bodies or other appreciable morphological structures at all -and that hence for all practical purposes can be detected only through DNA sequencing -from species that do form fruiting bodies but for which no reference sequences are available. Most herbaria and other collections of fungal specimens remain largely unsampled for ITS -or other reference -sequences, and there is evidence to suggest that a considerable proportion of the presently unidentified ITS sequences in INSD could be identified to species level if the herbaria worldwide were explored for ITS sequences from suitable reference specimens [57] . To secure funding for such elementary research is however likely to prove a nontrivial undertaking.
Compounding the problem, less than a quarter of the fungal species described between 2000 and 2009 were accompanied by sequence data [20] . Thus, if the Botanical Code indeed is to be modified, it may at this stage be better to mandate the supply of a relevant DNA sequence with each new species description (as applicable) than to allow species descriptions based on sequence data only. If the mycological community deems this approach to be too controversial, then other means of stimulating the growth of the reference sequence corpus must be explored. The way it is now, anyone interested in the true face of the fungal diversity at any particular site may well be better off spending 75% of the money sequencing random high-quality herbarium (or culture collection) specimens from previously unsequenced species and only 25% of the money sequencing environmental samples from that site than, as often is the case now, diverting all resources towards the site in question. That is clearly below what can be accepted given the full span of mycological research questions the emerging sequencing technologies have the capacity to resolve.
